Cryptosporidium parvum is an important opportunistic parasite pathogen for immunocompromised individuals and a common cause of diarrhea in young children. Previous studies have identified a panel of RNA transcripts of very low protein-coding potential in C. parvum. Using an in vitro model of human intestinal cryptosporidiosis, we report here that some of these C. parvum RNA transcripts were selectively delivered into the nuclei of host epithelial cells during C. parvum infection. Nuclear delivery of several such parasitic RNAs, including Cdg7_FLc_0990, involved heat-shock protein 70-mediated nuclear importing mechanism. Overexpression of Cdg7_FLc_0990 in intestinal epithelial cells resulted in significant changes in expression levels of specific genes, with significant overlapping with alterations in gene expression profile detected in host cells after C. parvum infection. Our data demonstrate that C. parvum transcripts of low protein-coding potential are selectively delivered into epithelial cells during infection and may modulate gene transcription in infected host cells.
Cryptosporidium, a protozoan parasite that infects the gastrointestinal epithelium and other mucosal surfaces in humans, is an important opportunistic pathogen in AIDS patients [1, 2] . Cryptosporidium is also one of the most common pathogens responsible for moderate-to-severe diarrhea in children aged <2 years in developing countries [3] . Infection with Cryptosporidium shows a significant association with mortality in this age group and appears to predispose children to lasting deficits in age-appropriate body growth and development [3] [4] [5] . The majority of human cryptosporidial infections are caused by two species: C. parvum and C. hominis [6] .
Genome-wide research reveals that cryptosporidial infection causes significant alterations in the gene expression profile in host epithelial cells [7, 8] . The interaction between C. parvum and host cells is determined by survival strategies on both sides, including exchanges of distinct effector molecules. At the initial stage of infection, C. parvum sporozoites attach to host epithelial cells and establish a direct tunnel-like connection [9] . The discharge of rhoptry and microneme contents accompanies and presumably facilitates parasite entry and parasitophorous vacuole formation [10] . Indeed, several parasite proteins have been demonstrated to be delivered into host epithelial cells and may act as effector molecules for parasite intracellular development [11] . After internalization, the parasite establishes an intracellular yet extracytoplasmic parasitophorous vacuole. Within this vacuole direct cytoplasm-cytoplasm interaction between parasite and host is barred by the membranes of the feeder organelle and several other structures, including the electron-dense band and the actin patch [6] . The feeder organelle may facilitate the uptake of nutrients by the parasite [12, 13] .
Recent genomic research has revealed the expression of novel genes for non-protein-coding RNAs in protozoan parasites [14, 15] and some of these non-protein-coding RNAs may be functional [15, 16] . A total of 164 RNAs of low protein-coding potential was reported in Plasmodium falciparum at intra-erythrocytic development, and their functions may include regulation of parasite biological processes and host-parasite interactions [14] . Genomic analysis of C. parvum demonstrates an absence of key components of the small RNA-mediated posttranscriptional gene silencing system [17] . However, a detailed analysis of a full-length cDNA library constructed from C. parvum identified 118 transcripts of very low protein-coding potential with little homology to known annotated protein-coding genes [18, 19] . Nevertheless, their functions in parasite biology and potential role in parasite-host interactions are unclear. We report here that several of these C. parvum RNA transcripts are selectively delivered into the nuclei of epithelial cells during C. parvum infection and may modulate host gene transcription. Our data support a novel role for C. parvum RNA transcripts of low protein-coding potential in host-parasite interactions.
METHODS

Cryptosporidium parvum, Infection Models, and Infection Assays
Cryptosporidium parvum oocysts of the Iowa strain were purchased from the Bunch Grass Farm. INT (FHs 74 Int) and HCT-8 human intestinal epithelial cell lines were purchased from ATCC. Models of intestinal cryptosporidiosis using cell cultures and infection assay were used as previously described [20] . Detailed methods are described in the Supplementary Data.
Agilent Microarray Analysis
The Agilent SurePrint G3 Human Gene Expression Microarray (G4851B) and LS Science Service to process the samples were applied to genome-wide analysis [21] . Briefly, INT cells were grown to 80% confluence and transfected with the vector expressing a parasite RNA or the empty vector for 48 hours. Total RNA was isolated with the RNeasy Mini kit. RNA from INT cells following infection for 48 hours and from the noninfected cells was also collected for the analysis.
Polymerase Chain Reaction and RNA Stability Assay
For quantitative analysis of RNA transcripts, comparative realtime polymerase chain reaction (PCR) was performed as previously reported [22] . Total cellular RNA or RNA from nuclear extracts was isolated using the TRIzol reagent, and genomic DNA present in the RNA preparations was removed by DNase I with DNA-free kit [22] . Results represent the mean ± SD of at least 3 independent experiments. The sequences for all the primers are listed in Supplementary Tables 1 and 2 . An RNA stability assay was performed by real-time PCR as previously reported [23] , and details are described in the Supplementary Data.
Small Interfering RNAs and Plasmids
Custom-designed small interfering RNAs (siRNAs) against Cdg7_FLc_0990, HSP70, and a scrambled siRNA were synthesized by the Integrated DNA Technologies and transfected into cells with Lipofectamine RNAimax or Lipofectamine 2000 according to the manufacturer's protocol. The expression vectors for overexpressing selected parasite RNA transcripts were generated using RNA from C. parvum sporozoites (Iowa strain). Details, including the sequences of siRNAs, are described in the Supplementary Data.
Serial Transmission Electron Microscopy
Serial transmission electron microscopy was performed as previously described [9] . Briefly, cells were infected with viable C. parvum sporozoites for 1 hour and fixed in situ with 2.5% glutaraldehyde. Fixed samples were cut into a series of thin sections of 50-nm thickness, observed, and photographed at ×20 000 magnification with a JEOL 1200 electron microscope.
Whole-Cell Extract, Cytoplasmic and Nuclear Extracts, and Western Blot
Whole-cell extracts were prepared using the M-PER Mammalian Protein Extraction Reagent. Cell pellet was centrifuged at 132 000 rpm for 20 minutes, and the supernatants were saved as the whole-cell extracts. Cytoplasmic and nuclear extracts were obtained using the standard approach as previously reported [21] . Protein concentration was determined and subsequently analyzed by Western blot [22] . The following antibodies were used for blotting: anti-H3, anti-Cyclophilin A, and anti-HSP70.
RNA Pull-down and RNA Immunoprecipitation Analyses
An RNA pull-down assay modified from a previous report [24] was used to detect the interactions between Cdg7_FLc_0990 and its protein partners. Recombinant human HSP70-His protein, Dynabeads, and a mixture of biotinylated tiling oligonucleotide probes with affinity specific to Cdg7_FLc_0990 or the control beta-D-galactosidase (LacZ) RNA were used for the assay (Supplementary Table 3 ). The formaldehyde crosslinking RNA immunoprecipitation (RIP; details in Supplementary Data) was performed as described [25] .
In Situ Hybridization
Cells were fixed with 4% formaldehyde for 30 minutes. After treatment with 70% ethanol, 0.1% Triton X-100 for 10 minutes, cells were fixed with 1% formaldehyde. Treated cells were then hybridized with probes overnight at 50°C using the hybridization buffer. DIG-tagged antisense probe specific to Cdg7_FLc_0990 or Cdg6_ FLc_0730 was synthesized using DIG RNA Labeling Kit (SP6/T7). A fluorescein isothiocyanate (FITC)-tagged anti-DIG antibody was used to visualize the positive signal. The sequences of probes are listed in Supplementary Table 2. A negative control (without a parasite RNA probe) was included.
RESULTS
Differential Expression of Low Protein-Coding Potential RNAs in
Cryptosporidium parvum Oocysts and Sporozoites
We designed primers for 92 transcripts with the lowest protein-coding potential for real-time PCR analysis. Genomic information for all of these transcripts and corresponding PCR primers are listed in Supplementary Table 1 . The expression profile of these RNAs in C. parvum oocysts is shown in Supplementary Figure 1 ; the top 20 highly expressed ones are listed in Figure 1A . Their expression levels in the freshly excysted C. parvum sporozoites are shown in Supplementary Figure 2 ; the top 20 highly expressed in sporozoites are listed in Figure 1B . Expression of these C. parvum RNAs in sporozoites is not correlated with their expression levels in the oocysts ( Figure 1C ). Most of them are expressed at a higher level in sporozoites than in oocysts, and only a few are expressed at a lower level ( Figure 1C and Supplementary Figure 2 ).
C. Parvum RNAs Selectively Delivered Into the Nuclei of Infected Host Epithelial Cells Following Infection In Vitro
Using series transmission electron microscopy, we observed a tunnel-like structure between the parasite and the host cell cytoplasm after internalization ( Figure 2A ). To explore whether these C. parvum RNAs can be delivered into host cells, nuclear extracts were isolated from HCT-8 cells following C. parvum infection for 48 hours (details in Supplementary Data). We used the nuclear extracts because it is not technically feasible to separate the internalized intracellular parasites from the cytoplasmic components of infected cells. Nevertheless, the parasite has never been localized in the nucleus of an infected epithelial cell. The purity of our nuclear extract preparation was confirmed by Western blot for the nuclear protein marker (H3) and a cytoplasmic protein marker (Cyclophilin A) ( Figure 2B ). Nuclear extracts from cells mixed with the same amounts of parasites were used as the control. We reliably detected by real-time PCR the presence of 26 low protein-coding potential RNAs in the nuclear extracts from the infected cell cultures, with a minimum 5-fold increase compared with the control nuclear extracts ( Figure 2C and Supplementary Figure 3) . Of note, these detected parasite RNAs show no significant homology to any human transcripts based on BLAST sequence analysis and their absence in the noninfected cells measured by PCR (data not shown). In addition, we failed to detect the nuclear presence of mRNAs of COWP (COWP) and C. parvum acyl-CoA binding protein (CpACBP1) ( Figure 2C ), 2 C. parvum-specific protein-coding genes abundantly expressed in C. parvum sporozoites [26, 27] .
Notably, the nuclear presence of each C. parvum RNA in infected host cells is not correlated to its expression level in sporozoites ( Figure 2D ). This selective nuclear delivery is not due to nonspecific endocytosis (phagocytosis or macropinocytosis) because nuclear delivery of these RNAs, including Cdg2_FLc_0210 (GeneBank ID: FX115617.1) and Cdg7_FLc_0990 (GeneBank ID: FX115678.1) [19] (Supplementary Table 1 ), was not detected in cells after exposure to heat-killed parasite or to the whole parasite lysate ( Figure 2D ). Moreover, we performed in situ hybridization analysis using a probe to Cdg2_ FLc_0210. The positive signal in the nuclei was observed in 62.4% ± 8.6% of infected cells ( Figure 2D ). No nuclear signaling was observed for the probe to Cdg6_FLc_0730, a non-nuclear-imported parasite RNA ( Figure 2D ).
Nuclear Translocation of HSP70 and Selective Nuclear Delivery of
Cryptosporidium Parvum RNAs, Such as Cdg7_FLc_0990, in Infected Epithelial Cells
To identify the binding partners for nuclear delivery, we preformed RNA pull-down analysis using biotinylated probes to Cdg7_FLc_0990 and control LacZ RNA to pull down the RNAprotein complex from infected HCT-8 cells, followed by protein blotting analysis. We identified that the main partner protein binding to the Cdg7_FLc_0990 is a 70-ĸDa protein recognized by anti-heat shock protein 70 (HSP70) ( Figure 3A) . HSP70, the most abundant chaperone protein, is an RNA-binding protein [28, 29] . We then performed a crosslinking RIP analysis, in which we first used an anti-HSP70 to pull down the HSP70 complex from infected cells and confirmed the presence of C. parvum RNAs by PCR. Of these nuclear-imported C. parvum RNAs, we confirmed the presence of 4 C. parvum RNAs, including Cdg7_FLc_0990 and Cdg2_FLc_0220, in the immunoprecipitates ( Figure 3B ). An antibody to MYB binding protein 1a (MyBBP1A), as a control RNA-binding protein, failed to pull down these C. parvum RNAs ( Figure 3B ). We further performed in vitro RNA pull-down assay using the recombinant human HSP70-His protein and whole parasite RNA isolated from sporozoites. Immunoprecipitates using anti-His (HSP70) showed positive for Cdg7_FLc_0990 and Cdg2_FLc_0220, but not the nonrelated Cdg2_FLc_0160 and Cdg7_FLc_1120 ( Figure 3C) . By Western blot, we detected a cytoplasmic-to-nuclear translocation of HSP70 in infected cells, but not in cells exposed to the whole parasite lysate or stimulated with lipopolysaccharides (LPS) ( Figure 3D ). Moreover, transfection of HCT-8 cells with an siRNA designed for human HSP70 significantly decreased the nuclear delivery of Cdg7_FLc_0990 and Cdg2_FLc_0220 in infected cells ( Figure 3D ).
Nuclear Delivery of Cdg7_FLc_0990 Resulting in Significant Alterations in Gene Expression Profile in Host Cells
To investigate whether nuclear delivery of these C. parvum RNAs is of any potential functional influence in host cells, we generated a vector expressing the full-length sequence of Cdg7_ FLc_0990, one of the top nuclear-delivered parasite transcripts. A vector that expresses the full length of Cdg6_FLc_0730, which is not a nuclear-delivered transcript, was used for control. We transfected INT cells with the vector expressing Cdg7_FLc_0990 and measured the nuclear delivery of Cdg7_FLc_0990. Nuclear presence of Cdg7_FLc_0990 in the transfected cells was confirmed by PCR and in situ hybridization ( Figure 4A ). No nuclear presence of Cdg6_FLc_0730 was detected in cells transfected with the vector expressing Cdg6_FLc_0730 (Figure 4A ), further confirming the specific nuclear delivery of Cdg7_FLc_0990.
We then performed a genome-wide transcriptome analysis of cells overexpressing Cdg7_FLc_0990, compared with cells transfected with the empty vector or cells following C. parvum infection for 48 hours. All array data were deposited in the GEO database (accession number: GSE87047. With the threshold of P < .05 with a minimum of 2.5-fold changes, a total of 326 genes and 221 genes were significantly upregulated and downregulated, respectively, compared with uninfected control cells ( Figure 4B ). We also observed significant alterations in gene profile in cells overexpressing Cdg7_FLc_0990. However, a much smaller number of genes, with 43 upregulated and 16 downregulated, were detected ( Figure 4B) . Intriguingly, the majority of these up-and downregulated genes in cells overexpressing Cdg7_FLc_0990 were also observed in cells following infection. These overlapping genes, with a total of 30 upregulated genes and 12 downregulated genes, represent 70% of upregulated genes (n = 30/43) and 75% of downregulated genes (n = 12/16) in ) . B, Nuclear extracts from HCT-8 cells were positive for a nuclear marker, but not for a cytoplasmic marker. C, Presence of 26 RNA transcripts of low protein-coding potential in the nuclear extracts from HCT-8 cells after C. parvum (CP) infection for 48 hours as assessed by real-time polymerase chain reaction (PCR). Data are represented as the fold change of the ratio to the host RNA U2. Nuclear extracts from cells mixed with the same amounts of parasites were used as the control. D, Characterization of nuclear delivery of C. parvum RNAs. Nuclear delivery of C. parvum RNAs is not correlated to their expression levels in the infective sporozoites (P > .05, correlation analysis). Cryptosporidium parvum RNA nuclear delivery was not detected in cells after exposure to heat-killed C. parvum or C. parvum lysate (*P < .05 for the comparison with the control on t test). Nuclear delivery of Cdg2_FLc_0210, but not the nonimported Cdg6_FLc_0730, was confirmed by in situ hybridization. Nuclei are stained in blue by DAPI. Percentages of cells positive to in situ hybridization signaling were calculated (*P < .01 for the comparison between 2 groups on analysis of variance test). cells expressing Cdg7_FLc_0990 ( Figure 4B ). Although most of the upregulated overlapping genes are inflammatory genes (eg, CXCL2, CXCL8, IL6, MIR146A, and NFKBIZ), many of the downregulated overlapping genes are key to cell differentiation or metabolisms (eg, TNS4, CNTNAP3, ABCB1, and ELANE), as shown using a heatmap ( Figure 4C ). Of note, compared with the uninfected/untransfected control, higher expression levels were also detected in cells transfected with the empty vector, including CXCL8, CXCL2, CXCL10, and IL6 ( Figure 4C ). Of these downregulated overlapping genes in cells following infection and overexpressing Cdg7_FLc_0990, only CNTNAP3 and ANK3 were slightly downregulated in cells following the empty vector transfection ( Figure 4C) . Genes whose expression levels were significantly altered by empty vector transfection are listed in Supplementary  Table 4 . Upregulation of selected genes (CXCL2, CXCL8, and NFKBIZ) in cells following infection or overexpressing Cdg7_FLc_0990 were further validated in HCT-8 cells by real-time PCR ( Figure 4D ). Impact of nuclear delivery of Cdg7_FLc_0990 on host gene expression is not due to modulation of posttranscriptional modifications, as the RNA stability of these RNA transcripts is not changed in cells overexpressing Cdg7_FLc_0990 (data not shown).
We further tested whether inhibition of nuclear delivery of Cdg7_FLc_0990 can attenuate the induction of selected genes in host cells following C. parvum infection. Knockdown of HSP70 with a specific siRNA in HCT-8 cells partially blocked the upregulation of selected genes (CXCL2 and NFKBIZ) induced by C. parvum infection ( Figure 4D ). Cryptosporidium parvum lacks the siRNA machinery [17] , and we then developed an approach to block nuclear delivery of Cdg7_FLc_0990 through transfection of a specific siRNA in host cells before exposure to parasite infection. HCT-8 cells were first transfected with an siRNA specific to Cdg7_FLc_0990. At 24 hours after siRNA transfection, cells were then exposed to C. parvum infection. Transfection of the siRNA in host cells significantly blocked the nuclear delivery of Cdg7_FLc_0990 (Supplementary Figure 4) and attenuated the upregulation of selected genes induced by C. parvum, providing further evidence that delivery of Cdg7_ FLc_0990 is required for the upregulation of associated genes in host cells.
DISCUSSION
Emerging evidence indicates that exchange of effector molecules between host and parasite may be especially important in the evolution of a parasitic lifestyle, as infection-related factors could be transmitted, and many of these factors would presumably confer an immediate selective advantage [30, 31] . On the other hand, parasite-related factors could be transmitted into infected host cells, playing a role in the pathogenesis of the diseases. Here, we have shown the delivery of C. parvum RNA transcripts of low protein-coding potential into the nuclei of infected host cells. Nuclear delivery of several such parasitic RNAs, including Cdg7_FLc_0990, involves HSP70-mediated nuclear importing mechanism. Most important, overexpression of Cdg7_FLc_0990 in host cells results in significant changes in expression levels of specific genes, partially accounting for the alterations in gene expression profile in host cells following C. parvum infection. Thus, we demonstrate that C. parvum RNA transcripts are selectively delivered into the nuclei of infected epithelial cells and may modulate host cell gene transcription.
Genome-wide analysis of the C. parvum transcriptome of protein-coding genes revealed distinct gene expression patterns at different parasitic development stages, in particular in the metabolic inactive oocyst stage versus infective sporozoite stage [32] . We found that the majority of these C. parvum RNAs of low protein-coding potential have a higher expression level in sporozoites than in oocysts, similar to most protein-coding genes in C. parvum [33, 34] . Although whether these RNA transcripts are truly noncoding RNAs and their potential functions require further validation, the speculation about such distinct expression pattern is that activation of them in infective sporozoites may be essential to parasitic metabolism or subsequent host infection [33] . At the initial stage of cell internalization, sporozoites attach to the apical membrane of intestinal epithelial cells and establish a direct tunnel-like connection with the host cell structure [35] . The subsequent discharge of parasite rhoptry and microneme contents to the host cell has been demonstrated to facilitate parasite entry and parasitophorous vacuole formation [10] . In this regard, it is not surprising that several C. parvum RNA transcripts may be delivered into infected host cells. Whether these RNAs are delivered through the tunnel-like connection or packaged in parasite rhoptry or micronemes for delivery merits further investigation.
Several pieces of evidence indicate that the detection of several parasite RNA transcripts in the nuclei of infected host cells is not due to contamination of parasite nuclear acids in the nuclear extract preparation. First, specific RNA transcripts were not detected in the control nuclear extracts using the mixture of host cells and the same amount of C. parvum sporozoites for nuclear extract preparation. Second, we failed to detect the nuclear presence of selected mRNAs for COWP and CpACBP1, 2 C. parvum-specific protein-coding genes abundantly expressed in C. parvum sporozoites [22, 23] . Moreover, the host nuclear presence of an RNA transcript appears to be highly selective, not correlated to its expression level in parasite. It is not due to the nonspecific endocytosis by epithelial cells because no parasite RNAs were detected in the nuclear extracts of cells exposed to heat-killed parasites or the whole parasite lysate. Finally, the positive signal of in situ hybridization in the nuclei of infected cells for a nuclear imported RNA, but not for a nonimported control RNA, further supports the selective delivery of parasite RNAs to host cell nuclei.
HSP70-mediated nuclear importing appears to be involved in the nuclear delivery of select C. parvum RNAs. The major function of HSP70, as the most abundant chaperone protein in many mammalian cell types, is to regulate heat-shock response, protein folding, and translocation across organelle membranes [36] [37] [38] . Nevertheless, HSP70 has been implicated to be hijacked by some RNA viruses for their replication or nuclear import [39, 40] . Because HSP70 is an RNA binding protein, it may directly interact with C. parvum RNAs and mediate their nuclear import [28, 29] . Our in vitro RNA pulldown analysis confirmed direct physical interactions between HSP70 and its associated C. parvum RNAs. Other nuclear transporters may also mediate the nuclear delivery of specific C. parvum RNAs.
Another key point from this study is that nuclear delivery of parasite RNAs into infected cells may modulate host gene transcription, contributing to the alterations in gene expression profile in host cells following C. parvum infection. Transactivation of genes in infected cells is usually associated with the activation of intracellular signaling pathways, such as the TLR4/NF-ĸB and PI-3K pathways [20, 35, 41] . These upregulated genes, including IL8, IL6, NOS2, CCL5, and TFF1, are mainly associated with host defense responses and cell survival in general [7, 42, 43] . In contrast, many of the downregulated genes code effector proteins important for cell proliferation, differentiation, and metabolism, including PCGF2, NR1D2, CCND1, and SLC7A8 [7, [44] [45] [46] . Interestingly, most of the genes upregulated in cells overexpressing Cdg7_FLc_0990 are also proinflammatory genes. One explanation for this inflammatory expression could be due to a general cellular response to foreign nuclear acids. Nevertheless, a much lesser extent of these gene inductions was detected in cells transfected with the empty vector. Inhibition of nuclear translocation of Cdg7_ FLc_0990 attenuated the upregulation of selected proinflammatory genes induced by C. parvum infection. The significance of Cdg7_FLc_0990-mediated proinflammatory gene expression in infected epithelial cells during host-parasite interactions is unclear. It may reflect the modulation of host NF-ĸB signaling pathway by the parasite, as most of these proinflammatory genes are NF-ĸB-responsive genes. Indeed, previous studies have demonstrated that C. parvum has developed a strategy to induce apoptotic resistance in infected cells through NF-ĸB activation, facilitating parasite propagation and survival during early infection stage [47, 48] . More important, genes that are downregulated in cells overexpressing Cdg7_FLc_0990 appear be specific to C. parvum infection, as the majority of them showed no alterations in cells after transfection of the control vector. Because their RNA stability is not changed, it is plausible to speculate that selective delivery of parasite RNAs results in modulation of host gene transcription. If this is true, it may represent a new strategy by which the parasites may manipulate their host cells. Future mechanistic exploration of how parasitic RNAs modulate host gene transcription would provide new insights into the pathogenesis of disease, relevant to the development of novel therapeutic strategies.
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